ABSTRACT In this paper, a wideband filtering power divider (PD) with ultra-wideband harmonic suppression and isolation is proposed. The dual coupled-line sections are embedded to the conventional quarter-wavelength transmission lines, which helps to extend the passband of the PD. With the introduction of the short-circuit stubs shunted at the output ports and the coupled lines with the open-circuit stubs, the ultra-wide stopband can be implemented more efficiently, thus resulting in five transmission zeros from 2 to 6 GHz. Furthermore, the improved isolation structure with series connected a resistor and a capacitor can be utilized to realize the ultra-wide isolation frequency band. Using a single resistor between two output ports, we have achieved an excellent in-band isolation. For demonstration, a wideband filtering PD operating at 1 GHz with a 20-dB bandwidth of 50% and an ultra-wide stopband better than 20 dB from 2 to 6 GHz is designed, fabricated, and measured. The measured results agree well with the anticipation.
I. INTRODUCTION
In modern wireless communication systems, the ever increasing demand for the low cost and miniaturized highperformance radio frequency (RF)/microwave components has led to growing volume of investigations for multifunctional microwave devices. Owing to the indispensability of the power dividers (PDs) and filters in RF/microwave front end devices, much attention has been extensively paid to the PDs with high passband frequency selectivity [1] - [10] .
The PD with two bandpass filters embedded in quarterwavelength transmission lines (TLs) sections has been employed to achieve the desired filtering response and improve frequency selectivity [1] . However, the designed circuit has poor insertion loss and isolation between the output ports. In order to improve the isolation property, a parallel inductor-capacitor (LC) resonator is loaded onto the isolation network for minimizing the divergence between evenand odd-mode impedances around the passband at the cost of a narrow operating frequency band [2] . In addition, the compact folded quarter-wavelength resonators are applied in highly symmetric coupling structures for improved inband isolation, which is difficult for accurate fabrication [3] . Although the aforementioned improvements to date are substantial and inspiring, the out-of-band interference up to harmonic frequencies has not been considered, which limits the application of such devices in a multi-standard wireless communication system.
In order to create the wide stopband suppressing the outof-band interference, two dual-mode resonators [4] and four discriminating coupled resonators [5] are loaded in quarterwavelength TLs for generating the desired filtering response and the out-of-band transmission zeros. Additionally, by employing the short-circuited half-wavelength resonators [6] and spiral resonators [7] , the harmonic suppression functionality can be combined in PDs. Nevertheless, the main disadvantages of these PDs with a wide stopband are the narrow passband [4] , [5] and poor isolation [6] , [7] . For developing wideband filtering PDs with a wide stopband and an isolation frequency band, the quasi-coupled lines with a complex matching isolation network and open-/short-circuit stubs are utilized [8] . Although the bandwidth of the isolation and stopband are acceptable, the in-band return loss and the level of harmonic suppression need further improvement. Besides the single-band equal filtering power division ratio case, other responses have also been investigated, including unequal power division [9] , the dual passband operation [10] , tunable filtering [11] and multi-way property [12] , [13] .
In this paper, a novel wideband filtering PD is proposed with many advanced properties including excellent in-band return loss, high in-band isolation, good harmonic suppression, ultra-wide isolation frequency band, and ultra-wide stopband, which is composed of two coupled-line (CL) sections, short-circuit stubs, and coupled lines with open-circuit stubs. The two-section CLs based on the centre-loaded coupled structures with open-circuit stubs are used to extend the passband while the short-circuit stubs can achieve the ultrawide stopband with five transmission zeros. In addition, the ultra-wide isolation frequency band and high in-band isolation can be realized by the improved isolation structure with a series connected resistor and capacitor and a single resistor between two output ports. Finally, the complete design theories, procedures and results for the proposed PDs are also provided in details. are equivalent to a TL in Fig. 2(c) . Moreover, the odd-/evenmode circuits of CLs with open-circuit stubs are illustrated in Fig. 2(d) . Since microstrip lines at high frequency exist in the quasi-TEM mode, the phase velocities of the even and odd modes are not equal in general. However, because the coupling of the coupled-line structures in this work is not very strong, all the coupled-line structures can be reasonably assumed to have the same even-/odd-mode electrical lengths.
First, the electrical lengths of all the TLs shown in Fig. 2 satisfy the following condition: θ 1 = θ 2 = θ 3 = θ t2 = θ = π /8, except for the short-circuit stub with the electrical length of π /2 (i.e. θ t1 = 4θ ). Therefore, the odd-/even-mode input impedances of the CLs with open-circuit stubs can be expressed as
where Z e2 and Z o2 are the even-and odd-mode characteristic impedances of the coupled lines, respectively, and Z t2 is the characteristic impedance of the open-circuit stub. For simplicity, the isolation structures are replaced by the isolators Z iso1 and Z iso2 . Based on (1), the phase shift ϕ and the equivalent characteristic impedance Z c of the CL structure with an open-circuit stub can be derived as follows [14] :
As shown in Fig. 2 (a), the odd-mode input impedances of the WFPD with the right-hand side excitation can be obtained as:
Therefore, the reflection coefficient o out at the output port 2 (or port 3) in the odd-mode equivalent circuit can be deduced as [8] :
Similarly, the even-mode input impedances of the WFPD with the left-/right-hand side excitation in Figs. 2(b) and 2(c) can be obtained as:
and
Hence, the reflection coefficient e in at the input port 1 and e out at the output port 2 (or port 3) for the even-mode equivalent circuit can be deduced as:
In order to achieve an excellent in-band return loss, the ultra-wide stopband, and isolation frequency band, the S-parameters of the proposed WFPD can be calculated as:
Therefore, by defining the S 11 , the input return loss and the passband bandwidth can be determined based on the two CL sections. With θ 1 = θ 2 = θ 3 = θ t2 = θ t1 /4= θ , an ultra-wide stopband with several transmission zeros can be obtained. Hereinto, the locations of three fixed transmission zeros generated from short-circuit stubs can be found by solving:
where θ is now considered in degrees and not in radians anymore. Additionally, the other two transmission zeros are created by the CLs with an opencircuit stub. Moreover, the locations of the other two transmission zeros can be tuned by the characteristic impedances of the CLs with the open-circuit stubs (Z e2 and Z o2 ). The design equations can be derived by using S 21 = 0, whereas the complex and tedious equations are difficult to be solved. For depicting the presence and the control of the transmission zeros clearly, four ideal simulated cases operating at 1 GHz for different transmission zeros in the stop band are implemented with different design parameters in Fig. 3 . Fig. 3(a) illustrates the input return loss and the insertion loss of the four ideal simulated cases. Furthermore, in order to maintain the same bandwidth of the 20-dB inband return loss, the characteristic impedances of CLs and short-circuit stubs are adjusted. For Cases 1, 2, 3, and 4, the transmission zeros are at (i) 2 GHz, 4 GHz, and 6 GHz; (ii) 2 GHz, 3.5 GHz, 4 GHz, 4.5 GHz, and 6 GHz; (iii) 2GHz, 3 GHz, 4 GHz, 5 GHz, and 6 GHz, and (iv) 2GHz, Fig. 3(a) .
2.6 GHz, 4 GHz, 5.4 GHz, and 6 GHz, respectively. Moreover, the bandwidth of the 20-dB in-band return loss is about 50% from 0.86 to 1.36 GHz for all cases. In other words, maintaining the in-band return loss (S 11 ) better than 20 dB and a wide passband of 50%, the ultra-wide stopband with the 6 th harmonic suppression is below −20 dB within the range of 2 GHz to 6 GHz. The corresponding design parameters of these cases are summarized in Table I . As shown in Fig. 3(b) , in the case of no isolation network, the proposed circuit configuration can provide a broad outof-band isolation. Therefore, in order to improve the in-band isolation between the output ports, based on (3), (4), and (6)-(8), the general isolation network can be calculated as:
where
From (10) and (11), the series connected RC network should be utilized to achieve high in-band isolation. As shown in Fig. 3(b) , when the isolation network only adopts the series RC, the in-band isolation can be improved without affecting the out-of-band isolation. For further extending the bandwidth of in-band isolation, a single resistor located between the two output ports is utilized, while the out-ofband isolation is attenuated to 10 dB. Finally, the in-band isolation of Case 2 is better than 20 dB from 0.81 GHz to 1.34 GHz for the isolation network with R 1 , R 2 and C, and the 10 dB absolute bandwidth of isolation is 7 GHz. Moreover, the output matching is better than 20 dB from 0.92 GHz to 1.34 GHz. Therefore, we have achieved the good output matching performance (|S 22 | < −20 dB), the perfect in-band isolation (|S 23 | < −20 dB) and the ultra-wide isolation frequency band (0-7 GHz) for R 1 , R 2 , and C values of 30 , 300 and 2.5 pF, respectively.
B. DESIGN PROCEDURE
The design procedure of the proposed WFPD can be summarized as follows:
1) Determine the operating frequency f 0 and the locations of transmission zeros according to (9) . 2) Based on (4), (7), and (8), the even-/odd-mode impedances of CLs with open-circuit stubs and the characteristic impedances of short-circuit stubs can be determined. 3) Select the proper resistors (R 1 , R 2 ) and capacitor C, improved output matching, high in-band isolation, and ultra-wide isolation frequency band can be achieved by (10) and (11).
III. IMPLEMENTATION AND MEASURED RESULTS
In this section, the simulated results are obtained by using the Advanced Design System (ADS) tool based on the method of moments (MOM). Furthermore, the required circuit layout is fabricated on the top layer of a RO4350B substrate, whereas the ground is placed on the bottom layer of the substrate. Moreover, the metal thickness of each layer is about 35 µm. Finally, with the help of a vector network analyzer, we have measured the circuit model of the designed WFPD. For further theoretical verification, the Case 2 in Fig. 3 is fabricated and measured based on a substrate of the relative permittivity ε r , the thickness h and the loss tangent of 3.48, 0.762 mm, and 0.0037, respectively. The corresponding circuit layout and photograph of the fabricated WFPD are depicted in Fig. 4 and Fig. 5 , respectively. As shown in Fig. 4 , the circuital dimensions of the proposed WFPD at the operating frequency of 1 GHz are optimized and are (all in millimeters): w p = 1.72, w 1 = 0.44, w 2 = 0.48, w 3 = 0.49, w t1 = 2.8, w t2 = 0.96, l p1 = 10, l 1 = 13, l 2 = 12.91, l 3 = 12.47, l t11 = 8.3, l t12 = 12.2, l t13 = 21.9, l t2 = 11.5, l p2 = 27, s 1 = 0.53, s 2 = 0.18, s 3 = 1.04, h = 0.762, and r = 0.5. Herein, the two via holes with the radius of 0.5 mm are used for the ground connection to achieve the equivalent short-circuited function. Additionally, the values of R 1 , R 2 andC are selected as 30 , 240 , and 3 pF, respectively in the practical measurements. Fig. 6 displays the EM simulated and measured results. As shown in Fig. 6(a) , the measured bandwidth of 20-dB in-band return loss is about 43% across the band of 0.75-1.18 GHz. The measured magnitude of S 21 and S 31 at 1 GHz are about −3.173 dB and −3.306 dB, respectively, whereas the in-band amplitude imbalance illustrated in Fig. 6(c) between the two output ports is about 0.1 dB. Moreover, in Fig. 6 (a) the measured stopband is below −20 dB from 1.6-5.5 GHz with harmonic suppression located at 1.73 GHz, 2.85 GHz, 3.52 GHz, 4.64 GHz, and 5.28 GHz. Additionally, from Fig. 6 (b) the measured in-band isolation is better than 20 dB ranged from 0.76-1.18 GHz while out-of-band isolation is greater than 10 dB. The phase difference at 1 GHz is about 1.823 • from Fig. 6(c) . From the aforementioned results, we can see that the excellent 20-dB return loss with a bandwidth of 43% is obtained under the conditions of maintaining the in-band isolation (S 23 ) and output matching (S 22 ) better than 20 dB. Moreover, the ultrawide stopband with high harmonic suppression and ultrawideband isolation are also achieved. Therefore, judging from the preceding results, good agreement between the simulated and measured results has been shown. In the end, the comparison of the presented WFPD with other designs is listed in Table II .
IV. CONCLUSION
In this paper, a wideband filtering power divider based on the CL sections and the short-/open-circuit stubs is proposed and discussed. Apart from major advantages of an excellent input return loss and a broad operating band with filtering response, the proposed filtering power divider displays an ultra-wide stopband with five transmission zeros and an ultra-wideband isolation. Therefore, it can be expected that this power divider will be widely applied in the modern wireless communication systems.
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